The objective of this research was to determine the effect of chlorine, acidi ed sodium chlorite, and peracetic acid treatments on viable Campylobacter jejuni located at various depths within follicles or folds of chicken skin. Chicken skin was inoculated with C. jejuni transformed with P c gfp plasmid (GFP-Campylobacter), which also codes for kanamycin resistance. Effectiveness of sanitizer treatments was determined by plate count. C. jejuni were also observed on chicken skin by confocal scanning laser microscopy, whereby viable and nonviable cells were differentiated by their ability to take up staining with 5-cyano-2,3-ditolyl tetrazolium chloride. Sodium hypochlorite, peracetic acid, and acidi ed sodium chlorite were each applied at 40 or 100 ppm for 2 or 15 min. Each sanitizer resulted in approximately a 1-log decrease (CFU) when used at 100 ppm for 15 min and no signi cant decrease when used at 40 ppm for 2 min. Numbers of viable cells observed on the skin by direct microscopic count were similar to numbers obtained by plate count. Although viable counts decreased with sanitizer treatments, the total number of Campylobacter cells (live plus dead) attached to the skin remained unchanged. After each chemical treatment, viable C. jejuni were observed at depths of 0 to 10, 11 to 20, and 21 to 30 mm in folds or follicles of chicken skin. Most of the C. jejuni that survived treatment were located at 0 to 10 mm depth, which is where most of the viable cells were located before treatment. The inability of chemical sanitizers to effectively eliminate C. jejuni on chicken skin does not appear to be a result of protection by location in feather follicles or other depressions in the skin.
Campylobacter jejuni is a common foodborne pathogen that is often isolated from commercial broiler ocks and processed poultry products (12, 14) . A high percentage of fresh and frozen poultry products in the United States are contaminated with this pathogen (21) . The intestinal tract of poultry serves as a reservoir of Campylobacter. Feathers and skin can be contaminated on arrival at the processing plant. Intestinal rupture or leakage are other possible causes of carcass contamination during processing. Therefore, effective decontamination of the defeathered, eviscerated carcass would be helpful in the effort to lower the numbers of Campylobacter on poultry offered at retail.
Currently, most commercial poultry processors in the United States use chlorinated ice water for carcass chilling, exposing them to a maximum of 50 ppm chlorine for approximately 1 h (4). Chlorine is routinely used in other areas of poultry processing plants as well. There is some question as to the effectiveness of chlorine to lower numbers of pathogens (20) , and concerns exist regarding creation of dangerous by-products on reaction with organic material (10) . Peracetic acid is widely used in food processing as an alternative to chlorine because of its effectiveness as a sanitizing agent and its decomposition into nontoxic products (1, 3) . Acidi ed sodium chlorite generates oxychlorous antimicrobial intermediates, which act as broad-spectrum germicides by breaking oxidative bonds on cell membrane surfaces (5) . Acidi ed sodium chlorite has been proposed for use in pre-and postchill decontamination of whole carcasses and cut-up poultry (5, 6) .
Campylobacter can survive on chicken carcasses for more than 64 days at 2208C (13) . It can remain viable at storage temperatures as low as 2708C, can replicate on chicken skin at 48C or room temperature, and can survive repeated freezing and thawing, even when the chicken is not packed in a microaerophilic atmosphere (8) . Although Campylobacter is highly susceptible to chemical sanitizing agents and is reduced in number when chicken carcasses are treated, it can still be detected on skin following treatment with some sanitizers (18) . Because commonly used sanitizers effectively kill Campylobacter in suspension and in bio lms (17, 19) , the ability of C. jejuni to survive carcass decontamination could be associated with its attachment to the chicken skin (8) . It is possible that Campylobacter cells can be located at sites on the skin where they are protected from contact with the active form of the sanitizing agents; or perhaps, a physiological response to the skin environment increases the stress resistance of Campylobacter.
In a previous study, we developed a method to locate C. jejuni cells transformed with the gfp plasmid (GFP-C. jejuni) on chicken skin, and we determined their viability by staining with 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) (2) . Viable Campylobacter can transport CTC across the cell membrane and reduce it to produce red uorescent crystals. With this staining procedure, nonviable GFP-C. jejuni on chicken skin uoresce green and viable GFP-C. jejuni uoresce red. The objective of this study was to determine the ability of chlorine, acidi ed sodium chlorite, and peracetic acid to kill C. jejuni cells located on chicken skin, both on the surface and within follicles or crevices. Through this research, we hoped to gain insight into the ability of C. jejuni to survive chemical decontamination treatment of chicken skin.
MATERIALS AND METHODS
Bacterial strain and plasmid. GFP-C. jejuni RM 1221 (pWM1007) was provided by W. G. Miller (U.S. Department of Agriculture, Agricultural Research Service, Albany, Calif.). The plasmid encoding GFP (pWM1007; Km r ; pMW10DlacZV(T1) 4 -P c -gfp-T1) was mobilized into C. jejuni strain RM 1221 from a chicken carcass isolate (11) . Transformants were selected by plating on Campy-Cefex agar (15) amended with 200 mg of kanamycin per ml (CCA-KM) and grown at 428C for 48 h in a sealed bag with a mixture of 5% O 2 , 10% CO 2 , and 85% N 2 (BOC Gases, Chattanooga, Tenn.). Colonies on CCA-KM were restreaked on fresh plates, and expression of GFP-Campylobacter was con rmed by microscopic observation as previously described (2). Kanamycin-resistant clones, which exhibited green uorescence by microscopic observation, were maintained at 2708C in 0.1 g/liter phosphate-bufferedsaline (PBS, pH 7.0) with sterile 20% glycerol.
Culture preparation. Stock cultures of GFP-Campylobacter were resuscitated by streaking on CCA-KM and incubated at 428C for 48 h in sealed bags containing 5% O 2 , 10% CO 2 , and 85% N 2 . Cultures were transferred at least twice before using. For the attachment assay, several isolated colonies of GFP-Campylobacter on CCA-KM agar were suspended in sterile deionized water (SDW), and the optical density of the cell suspension was adjusted to 0.5 to 0.6 with the use of a spectrophotometer(Spectronic 21D, Milton Roy Co., Rochester, N.Y.) at 540 nm to yield 10 8 to 10 9 cells per ml.
Chicken skin. Broiler carcasses were randomly collected immediately after exiting the chill tank in a commercial processing plant. Carcasses were individually bagged and stored in ice no more than 30 min before removal of breast skin. Breast skin (6 by 6 cm) was removed with sterile scalpel and forceps from the same location on breasts of broiler carcasses for each assay. Chicken skin was aseptically stored at 2208C for no more than 1 week before using. Attachment assay. Attachment was determined as described by Kim et al. (7) . Brie y, frozen chicken skin was thawed by rinsing three times for 3 min each with 15 ml of SDW at 48C on an orbital shaker (model 3520, Lab Line Instrument Inc., Melrose Park, Ill.) at 100 rpm. Skin was then blotted dry under a laminar ow hood (SteriGard Hood, The Baker Company Inc., Sanford, Maine). Bottoms were cut off of sterile 2.5-cm-diameter plastic centrifuge tubes (Nalgene, Rochester, N.Y.). Skin was used to cover the cut end of the sterile tubes with the outer surface of the skin oriented toward the inside of the tube. Skin was kept in place with a sterile rubber band and excess skin was trimmed. The remaining skin was covered with aluminum foil to prevent contamination and drying. These tubes were placed upright, and a 3-ml suspension of 10 8 to 10 9 CFU GFP-Campylobacter per ml of SDW was added to each tube, thereby exposing the outer surface of skin (at the bottom of the tube) to the bacteria. Attachment took place at room temperature (218C) while shaking on an orbital shaker at 70 rpm for 1 h. The cell suspension was then decanted, and unattached cells were removed by rinsing three times for 1 min each with 2 ml of cold SDW on an orbital shaker at 100 rpm. A negative control was conducted by the same procedure with 3 ml of SDW instead of a cell suspension of GFP-Campylobacter.
Sanitizer preparation and application. Sanitizing agents used in this study included sodium hypochlorite (puri ed grade 4 to 6% NaOCl; Fisher Scienti c, Pittsburgh, Pa.), peracetic acid (Oxonia Active, 27.5% hydrogen peroxide, 5.8% acid, and 66.7% inert ingredients, Ecolab, St. Paul, Minn.), and acidi ed sodium chlorite (Zep Seacide Tea Bag, Zep Corp., Atlanta, Ga.). The sanitizers were freshly prepared at concentrations of 40 and 100 ppm active agent before each use. Sodium hypochlorite was diluted with 50 mM potassium phosphate in deionized water adjusted to pH 7.2 (16), peracetic acid was diluted with SDW, and acidi ed sodium chlorite was prepared according to manufacturer's instructions with SDW to give a concentration of 40 and 100 ppm. Free chlorine concentration was determined by spectrophotometric assay (16) . Total active ingredient concentrations (ppm by weight percentage of total active ingredients) of peracetic acid were determined with a Total Available Oxygen test kit (Ecolab).
Pieces of GFP-Campylobacter-inoculated chicken skin (4.9 cm 2 ) were individually immersed in 25 ml of each sanitizer for 2 min and 15 min as determined by a preliminary study (data not shown). Sanitizers were neutralized by subsequent immersion in 20 ml aqueous solution of 0.5% sodium thiosulfate-phosphate until a spectrophotometric assay indicated a lack of activity, usually about 2 min (9). Untreated inoculated chicken skin (positive control) and uninoculated chicken skin (negative control) were treated in a manner similar to the test samples.
Microbiological analysis.
After sanitizer treatment and neutralization, each treated and control chicken skin sample (two pieces per replication) was rinsed to remove unattached cells by manually shaking for 5 s in a petri dish with 15 ml of sterile water. Skin samples were then placed in sterile stomacher bags containing 5 ml of BR Tween enrichment broth medium (17) modi ed to contain 28 g/liter brucella broth (Acumedia Manufactures Inc., Baltimore, Md.), 1 g/liter Tween 80 (Sigma, St. Louis, Mo.), 33 mg/liter cefoperazone, 0.5 g/liter ferric sulfate (Sigma), 0.2 g/liter sodium metabisulfate (Sigma), and 0.5 g/liter pyruvate, with Campylobacter selective supplement (Bolton's, Dalynn Biologicals, Calgary, Alberta, Canada) used as recommended by the manufacturer. Following 2 min in a stomacher (Stomach80, Biomaster, Seward, UK) at high speed, the enrichment broth was serially diluted, spread plated in duplicate on CCA-KM, and incubated at 428C for 48 h in a microaerophilic atmosphere (5% O 2 , 10% CO 2 , 85% N 2 ) to enumerate GFP-Campylobacter. PBS (5 ml) was placed in a sterile stomacher bag with the negative control, and the natural micro ora on skin was enumerated on plate count agar (Difco brand, Becton Dickinson, Sparks, Md.) incubated at 358C for 24 h. Data from chicken skin was not used if the uninoculated control had more than 500 CFU of total aerobic bacteria in 1 cm 2 . In each of the three replications, two pieces of inoculated chicken skin were analyzed as positive controls for each treatment. Presumptive colonies of GFP-Campylobacter were con rmed by observing their motility under a phase contrast microscope (Lobophot, Nikon, Tokyo, Japan) and by a latex agglutination test (INDX-Campy, Integrated Diagnostics Inc., Baltimore, Md.). lysciences, Warrington, Pa.) was diluted with R 2 A broth (14) to obtain a nal concentration of 5 mM. CTC solution (150 ml) was applied to the skin sample and incubated in a dark chamber for 30 min at room temperature and ambient atmosphere. CTCstained skin was then rinsed with 15 ml SDW three times (1 min each) on an orbital shaker at 100 rpm. A specimen measuring 1 by 1 cm was cut from the center of the skin sample for microscopic analysis.
CTC staining. Samples were stained with CTC for viability determination as described by Chantarapanont et al. (2). CTC (Po-
Location of viable and nonviable C. jejuni on chicken skin. Cover Well imaging chamber gaskets (2 mm thickness; Molecular Probes, Eugene, Ore.) were used to prevent compression of chicken skin during microscopic observation. A drop of 50% glycerol in PBS was placed into the chamber as a mounting medium. The specimen was placed upside down on mounting medium and securely sealed within the chamber by placing a microscope slide against the gasket surface and pressing gently around the edges of the slide. Location of viable and nonviable C. jejuni on treated chicken skin was determined by enumerating differentially stained cells in 10-mm-thick sections at depths of 0, 10, and 20 mm into the openings from the outer skin surface. Each thick section was composed of 10 thin sections collected at 1-mm increments and combined to form a single two-dimensionalimage. Numbers of live (metabolically active) and dead (inactive) GFPCampylobacter were determined by counting cells in at least 12 thick sections for each sample. Sections were obtained at random points on the skin surface where folds, follicles, or crevices allowed visualization at the designated depths.
Confocal scanning laser microscopy. A TCS NT SP2 Leica confocal microscope (Leica Microsystems, Heidelberg Gmblt, Germany) equipped with a 340 (numerical aperture 5 1.25, Leica) and 3100 oil immersion objective (numerical aperture 5 1.3, Leica) was used for microscopic observation. An Ar laser (excitation wavelength [l] 5 488 nm) was used to excite GFP and CTC-formazan. Emitted light was collected through a triple dichroic mirror (488/568/633 nm). For image development, re ected light (wavelength of 483 to 495 nm) was designated gray to represent skin topography, emitted light at 495 to 540 nm was designated green to represent the GFP image, and emitted light at 600 to 670 nm was designated red to represent the CTC-formazan image. TCS NT software (version 1.6.551, Leica Microsystems) and Adobe Photoshop version 6.0 (Adobe Systems Incorporated, San Jose, Calif.) were used to process the images. Uninoculated chicken skin, with and without CTC staining, was used to calibrate the sensitivity of photomultipliers for detecting GFP-Campylobacter and CTC-formazan. This reduced noise from nonspeci c CTC uorescence and auto uorescence of the sample. ImageJ 1.27z (National Institutes of Health, Bethesda, Md.) was used to analyze images for uorescent objects.
Statistical analysis. A 3 3 2 3 2 factorial in a randomized completed block design with three replications was employed for the decontamination experiment. The main effects were sanitizers (peracetic acid, acidi ed sodium chlorite, and chlorine), treatment concentration (40 and 100 ppm), and treatment time (2 and 15 min). For microscopic observations, inoculated chicken skin treated with 40 ppm for 2 min and 100 ppm for 15 min of each sanitizer was observed. Two pieces of inoculated skin were CTCstained for each treatment, making a total of six pieces in three replications. Sanitizer treatment data were analyzed with SAS software (SAS Institute, Cary, N.C.) by PROC ANOVA. Significant differences between means were determined by the least signi cant difference test. Signi cance was determined the 95% condence level (P 5 0.05).
RESULTS AND DISCUSSION
Inactivation of C. jejuni on chicken skin treated with sanitizing agents as measured by plate count. The sanitizing agents were similar in their ability to reduce C. jejuni on chicken skin, each producing about a 1-log decrease in number when used at 100 ppm for 15 min of exposure and no signi cant decrease when used at 40 ppm for 2 min (Fig. 1) . These data support those of Yang et al. (20) , who also observed relatively small decreases in C. jejuni on chicken skin after chlorine treatment. In this study, sanitizing agents were applied as a dip agitated over the skin surface. In a commercial broiler processing plant, sanitizers can be delivered as a high-pressure spray, which could increase contact of the sanitizer solution with adherent bacteria, potentially resulting in increased kill.
Survival of C. jejuni as determined by microscopic observation. When metabolically active GFP-Campylobacter are exposed to CTC, they transport the CTC across the cell membrane and reduce it to a red uorescent formazan compound. Even though these cells still contain GFP, they uoresced red, not green. The emission wavelengths of GFP (495 to 540 nm) are within the range for exciting the red formazan (excitation from ,400 to .550 nm), which might assist in visualization of the red uorescence associated with viable Campylobacter by quenching the emissions from the GFP. However, this could be part of the reason that most of the green uorescent C. jejuni cells were not detected at the same location as the red cells. The total number of cells was estimated as the sum of live and inactive cells. The average numbers of GFP-C. jejuni on chicken skin after sanitizer treatment as determined by direct microscopic count and CFU enumeration are shown in Table 1 . Numbers of viable cells obtained as determined by CTC direct microscopic count were similar to the number of CFU obtained in CCA-KM medium. CTC counts do not rely on selective agents; therefore, they should include both injured and uninjured Campylobacter. Even though the CTC counts on samples treated with 100 ppm of sanitizing agent were always the same as or greater than the corresponding CCA-KM count, the differences were too small Location of living and dead C. jejuni on treated skin. The number of live cells observed microscopically within crevices and folds of sanitizer-treated chicken skin at depths of 0 to 10, 11 to 20, and 21 to 30 mm is presented in Tables 2 through 4 , respectively. This data should be interpreted as semiquantitative because each microscopic section had a different surface area of tissue on which attachment might occur. This is illustrated in Figure 2 , which shows viable cells at the three selected depths within a feather follicle. The black space in the center of each micrograph corresponds to liquid in the follicle, in which Campylobacter cells were rarely observed. The amount of tissue on which attachment can occur is different for each micrograph, confounding direct comparisons of cell numbers at different depths. Greater uniformity of tissue area was obtained with the top (0 to 10 mm) sections, because sections at greater depths almost always contained a signi cant amount of open space. Consequently, the lower number of viable cells per section observed below the surface at least partially re ects the lower tissue area per section at these locations, making comparisons of cells per section at different skin depths invalid. In addition, few cells were counted within crevices or openings, with sections at 21 to 30 mm depth showing only 0.3 to 0.7 viable cells per section, with the total number of live cells counted being very low, in the range of 1 to 11 for each treatment (Table 4) . However, data in Tables 2 through 4 do provide an indication of the effective kill of the sanitizer treatments at different depths on the skin. The greater number of cells counted at 0 to 10 mm depth (Table 2 ) allows an estimation of 20% to 30% kill of the Campylobacter at this location (Table 2) , with all sanitizing agents allowing similar Campylobacter survival. It is unlikely that C. jejuni survived sanitizer treatment in large numbers at sites deeper than 30 mm because few living or dead cells were observed at such locations even prior to treatment (data not shown). Furthermore, at these deeper locations (Tables 3 and 4 ) a higher percentage of cells was killed by application of sanitizers, and few survivors were observed.
The signi cance of this data is that Campylobacter survived even relatively severe sanitizer treatments at all skin locations. There is no evidence of greater kill at the surface than at sites deeper into skin openings. In fact, a greater proportion of viable cells were observed at the surface than in crevices or folds of treated skin. Attachment in a crevice, fold, or follicle does not provide bacteria additional protection from surface sanitizers. Campylobacter appears to be able to survive skin decontamination regardless of location. Yang et al. (20) proposed that chlorine is unable to eliminate Campylobacter on chicken skin because oil from the skin prevents the sanitizer from contacting the surface. Our data does not contradict such an explanation and suggests that peracetic acid and acidi ed sodium chlorite might not be making contact with the adherent Campylobacter population either.
